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Introduction 
The ability to mount a specific immune response is depen- 
dent on antigen-specific B and T cells. During develop- 
ment, each B cell creates a novel immunoglobulin heavy 
(IgH) chain and immunoglobulin light (IgL) chain gene from 
germline-encoded gene segments through the process of 
V(D)J recombination. Each T cell uses an identical recom- 
bination process to create a unique T cell receptor (TCR) 
composed of a heterodimer of either the a6 gene products 
or yS gene products. V(D)J recombination can create a 
set of antigen-receptor genes of greater complexity than 
the sum of the rest of the genes encoded within the mam- 
malian genome. The regulation of V(D)J recombination 
and the developmental selection of antigen-restricted lym- 
phocytes has been a focus of intense research in recent 
years. Immunologists have marveled at the intricacies of 
this elegant process and pondered how it arose in evolu- 
tion. Current evidence suggests that the ability to mount an 
antigen-specific immune response arose over a relatively 
short period of time coincident with the development of 
the first jawed vertebrates. This has raised the question 
of how a mechanism as complex as V(D)J recombination 
arose over such a short evolutionary period. Recent ad- 
vances in V(D)J recombination suggest a resolution to this 
issue and allow us to reexamine the role of antigen speci- 
ficity in shaping the evolution of the immune system. 
V(D)J Recombination 
The main feature that separates vertebrate from inverte- 
brate immune systems is the ability to generate antigen- 
specific lymphoid cells. Antibodies and TCRs play a cen- 
tral role in the vertebrate immune system because of their 
ability to recognize specific molecular antigens and thus 
initiate an antigen-specific immune response. Diversity 
within immunoglobulin andTCRs in mammals resultsfrom 
a series of somatic rearrangement events, which occur 
during lymphoid differentiation, culminating in the produc- 
tion of a functional cell surface immunoglobulin molecule 
in B cells, or a TCR in T cells (for a recent review see Lewis, 
1994). A unique immunoglobulin receptor is created in 
each B cell during development. A functional IgH chain 
gene is assembled from an assortment of V, D, and J gene 
segments, while a functional L chain gene is assembled 
from an assortment of V and J sequences. The joining 
events generate further diversity through variations in the 
precise joining points of the coding elements as well as de 
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novo nucleotide synthesis at the joint. Complete antibody 
molecules are assembled by combining the rearranged H 
chain with the rearranged L chain as a heterotetramer, 
leading to further amplification of diversity (Figure 1). The 
majority of B cells express a cell surface immunoglobulin 
of a single specificity. This clonality of surface receptor 
expression appears to be regulated by a process of allelic 
exclusion that prevents the formation of two functional H 
chain or L chain molecules within most B cells. Similar 
recombination processes occur during T cell development 
in the thymus. In vertebrates, each T cell creates a unique 
TCR heterodimer through an identical process of V(D)J 
recombination. Functional TCR8 or TCRS gene segments 
are assembled from an assortment of V, D, and J ele- 
ments, and a functional TCRa or TCRy gene is assembled 
from an assortment of V and J sequences. The majority 
of individual T cells express a unique TCRa8 or TCRys 
receptor on their cell surface. Combinatorial and junctional 
diversity created by this recombination process has the 
potential to encode over 10” distinct immunoglobulin and 
TCR heterodimer combinations, a number that greatly ex- 
ceeds the number of B and T lymphocytes present in adult 
mice (Davis and Bjorkman, 1988). 
Much has been learned about the process of V(D)J re- 
combination over the last 20 years. V(D)J recombination 
appears to be directed by sequence information contained 
within the intervening segments that are deleted or dis- 
placed during the formation of afunctional antigen-binding 
exon. Sequences at the end of these gene segments are 
known as recombination signal sequences (RSS). An RSS 
contains a palindromic heptamer element separated by a 
spacer of 12 or 23 bp from a conserved nonamer element. 
The presence of two RSS on a plasmid is suff icient to direct 
rearrangement in recombination-proficient lymphocytes. 
Thus, the information required for rearrangement of the 
immunoglobulin genes is contained within the genetic ele- 
ments that are displaced during the formation of the V(D)J 
or VJ exons. By and large, V(D)J recombination is not 
affected by sequences in the coding regions. 
Several years ago, the recombination activating genes, 
RAG7 and RAG2, were identified (Schatz et al., 1989; Oet- 
tinger et al., 1990). These two genes are able to elicit V(D)J 
recombination activity when transfected into nonlymphoid 
cells. Elimination of either RAG7 or RAG2 from the germ- 
line of a mouse is sufficient to eliminate completely recom- 
bination of both immunoglobulin and TCR genes and pre- 
vents the development of B and T lymphocytes (Shinkai 
et al., 1992; Mombaertset al., 1992). Together, these data 
demonstrated that RAG7 and RAG2 are either lymphoid- 
specific components of the V(D)J recombinase or induce 
the expression of genes necessary and sufficient for car- 
rying out V(D)J recombination. Although RAG7 and RAG2 
were shown to be the only lymphoid-specific genes re- 
quired for V(D)J recombination, several other gene prod- 
ucts have been shown to be involved in V(D)J recombi- 
nation (Taccioli et al., 1993). These include the XRCCS 
protein, which also plays a role in DNA repair in response 
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Figure 1. Formation of a Recombined Antigen 
Receptor 
TCRP, TCRS, and IgH chain are all formed by 
the process of V(D)J joining as depicted on the 
left side of the figure. Functional TCRa, TCRT, 
and IgL chain genes are all formed by VJ join- 
ing as depicted on the right side of the figure. 
The final cell surface receptor is formed by pair- 
ing proteins encoded by appropriately recom- 
bined V(D)J and VJ genes. The paired receptor 
shown is characteristic of surface immunoglob 
ulin. In contrast, in TCRs reported to date, the 
twochainspairasadimerandeach hasatrans- 
membrane segment. RSS, which flank all ele- 
ments capable of rearrangement, are depicted 
as triangles. Combinatorial diversity is created 
because at each recombination step any indi- 
vidual member of a gene segment family can 
be utilized. 
to DNA damage (Taccioli et al., 1994; Smider et al., 1994), 
and the SCID protein, which has been shown to be in- 
volved in both double-strand break repair and coding joint 
formation (Fulop and Phillips, 1990). 
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RAGl, RAGP, and RSS: A Disassembled 
Transposon? 
Three years ago, two potential intermediates in V(D)J re- 
combination were identified through the analysis of the 
products of TCRG rearrangement in newborn and SCID 
mice (Roth et al., 1992a, 1992b). These and subsequent 
analyses revealed that signal sequences were excised 
from coding sequences as blunt-ended and 5‘-phosphory- 
lated elements terminating exactly at the heptamer border, 
and that coding ends could be found as covalently closed 
hairpin structures (Roth et al., 1993; Schlissel et al., 1993; 
Zhu and Roth, 1995). By assaying for these intermediates 
in the recombination process, convincing evidence has 
now been obtained to demonstrate that RAG1 and RAG2 
are essential components of the V(D)J recombinase and 
that these genes alone are sufficient for the recognition 
and initial cleavage of DNA containing an RSS (van Gent 
et al., 1995; McBlane et al., 1995). In vitro, purified RAG1 
and RAG2 proteins are sufficient to carry out the precise 
cleavage of an RSS resulting in a blunt 5’-phosphorylated 
signal-end, as well as a hairpin structure at the coding-end 
of the DNA break(Figure 2). Further evidence for the direct 
involvement of RAGIIRAGP in recombination has been 
provided by the observation that specific mutations in 
RAG7 alters the sequence specificity of the recombinase 
(Sadofsky et al., 1995). These data suggest that RAG1 
directly participates in the recognition of the RSS. 
These observations are already renewing speculation 
concerning the origins of RAG1 and RAGP. So far, RAG1 
and RAG2 have been identified in mammals, birds, and 
amphibians (Oettinger et al., 1990; Carlson et al., 1991; 
Greenhalgh et al., 1993; Bernstein et al., 1994). In each 
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Figure 2. RAG1 and RAG2 Can Carry Out the Precise Cleavage of a 
DNA Segment that Has RSS at Its Ends 
The excision process for an RSS appears to be identical to that ob- 
sewed in the excision of some transposons. The RSS element (orange/ 
yellow rectangle) contains a palindromic heptamer element (orange 
triangle) separated by a 12 or 23 bp spacer from a conserved nonamer 
(orange rectangle). However, in contrast with the fate of a transposon 
which is reinserted in host DNA, a signal element is joined precisely 
end-to-end to itself. The protein factors that regulate formation of the 
signal joint have not been defined. The coding ends formed by excision 
of the signal element also end up joined. This joining is known to 
be dependent on general DNA repair enzymes, such as the catalytic 
component of the DNA-dependent protein kinase (SCID). Unlike join- 
ing of the signal element, the position of joining of the coding ends 
is variable and can involve the addition of base pairs that result from 
resolution of the hairpin loop (P nucleotides) or base pairs added by 
TdT (N nucleotides). 
Figure 3. The Components of V(D)J Recombi- 
nation May Have Originated from a Transpos- 
able Element 
(A) Schematic representation of the current or- 
ganization of RAG7, RAG.2, and the RSS ele- 
ments that flank recombining gene segments 
of the antigen receptor genes. In humans, 
chickens, and frogs, RAG1 and RAG2 are lo- 
cated immediately adjacent to each other in 
the genome and convergently transcribed. In 
contrast, RSS elements (orange/yellow rectan- 
gle) are found linked to all germline V, D, and 
J segments that can undergo recombination. 
(B) Hypothetical organization of RAGI, RAGS, 
and RSS elements if they originated from a 
transposon. Once introduced into the germ- 
line, any of a variety of amplification mecha- 
nisms could have led to the reiteration of signal 
elements that interrupt immunoglobulin and 
TCR gene segments. 
case, the genes have been found to be closely linked and 
convergently transcribed (Figure 3A). The coding region 
of each gene is contained as a continuous open reading 
frame within a single exon. This genomic organization is 
similar to the organization of recombination enzymes 
within some transposons. It has also been hypothesized 
by several groups that the organization of signal se- 
quences and the intermediates involved in V(D)J recombi- 
nation are reminiscent of sequences involved in targeting 
excision of transposable elements from the genome (Sa- 
kano et al., 1979; Davis and Bjorkman, 1988; Litman et 
al., 1993). The sequence of the RSS has been suggested 
to be similar to the inverted repeats found at the ends of the 
Tel family of invertebrate transposons (Dreyfus, 1992). 
These data suggest that together the RSS, RAGl, and 
RAG2 represent the disassembled components of a trans- 
posable element (Figure 3B). 
Like V(D)J recombination, the mobility of a transposon 
is dependent on the presence of short inverted repeats 
located at the end of the transposable element that act 
as the target of strand cleavage and excision (for reviews 
see Galas and Chandler, 1989; Fedoroff, 1989). For simple 
transposons, excision also requires one or two internally 
encoded gene products, which act as a transposase. In 
a nonreplicative transposition event, in which a transposon 
moves from one position in the host genome to another, 
the transposase is responsible for the recognition and pre- 
cise cleavage at the end of the transposon and also for 
the creation of a new target site for transposon insertion. 
In this respect, RAG1 and RAG2 appear to function differ- 
ently from a transposase, since in V(D)J recombination 
the RSS elements end up joined to each other in a signal 
joint rather than inserted in a new site in the host DNA, 
as they would in a transposition event. This is an important 
difference, as reinsertion of a transposon can have disas- 
trous effects for its host by inactivating or mutating genes 
at the new insertion site (Galas and Chandler, 1989). This 
potential problem is avoided in V(D)J recombination by 
resolving the transposition intermediate as a signal joint, 
which results in either the deletion or simple inversion of 
the DNA between two RSS (McCormack et al., 1989). Like 
RSS elements in V(D)J recombination, only the inverted 
repeats at the ends of a transposon are needed for a se- 
quence to serve as a substrate for transposition. This has 
been shown to have important implications for the mobility 
of transposons. In maize, numerous defective transpo- 
sons have been identified that lack the ability to undergo 
autonomous transposition because of deletions or muta- 
tions in their transposase genes (Fedoroff, 1989). Never- 
theless, such elementsstill undergo transposition when an 
autonomous transposon of the same class is introduced. 
Thus, the transposase can function in trans to mediate 
transposition of DNA containing compatible repeats located 
elsewhere in the genome. This situation is analogous to 
the ability of RAG1 and RAG2 to mediate excision of an 
RSS-flanked element located elsewhere in the genome. 
Additional Enzymes Involved in V(D)J Recombination 
May Be Required to Repair the Host DIUA Strands 
following MS-Mediated Transposition 
One argument against V(D)J recombination being medi- 
ated by a vestigial transposon has been the identification 
of a number of additional enzymes that have been shown 
to be required for cells to complete V(D)J recombination. 
However, like bacteriophage, transposable elements ap- 
pear to be dependent on cellular factors to participate in 
their mobility within the genome (Galas and Chandler, 
1989). To date, no transposon-encoded genes or activities 
have been identified that repair the discontinuity of the 
host DNA, which is created at the original insertion site 
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when a transposon moves by nonreplicative transposition. 
Instead, hairpin loops identical to those created at the cod- 
ing ends by RAGlIRAGPmediated RSS excision have 
been proposed to be formed at the ends of host DNA cre- 
ated by the excision of some plant transposons (Coen et 
al., 1986). Since the host cell does not obligatorily die as 
a result of these transposition events, it is presumed that 
host DNA repair mechanisms are responsible for re- 
connecting the host DNA ends created by the removal 
of a transposon. By analogy, it is not surprising that the 
formation of coding joints in a completed V(D)J rearrange- 
ment is dependent on DNA-repair factors. Recently, two 
such factors, Ku80, a major DNA end-binding activity in 
mammaliancells(Taccioli et al., 1994; Smideret al., 1994) 
and the catalytic component of DNA-dependent protein 
kinase (SCID), have been demonstrated to be involved in 
the recognition and ligation of the coding ends during 
V(D)J recombination (Blunt et al., 1995; Kirchgessner et 
al., 1995). 
This simplistic view of V(D)J recombination as a trans- 
posable element adapted for the generation of diversity 
within a cell surface receptor has also been challenged 
because other lymphoid-specific genes have been shown 
to participate in V(D)J recombination. In mammals, termi- 
nal deoxynucleotide transferase (TdT) is a lymphoid-spe- 
cific gene that is required for the generation of N nucleotide 
addition within V(D)J coding joints (Gilfillan et al., 1993; 
Komori et al., 1993). However, N nucleotide addition is 
primarily restricted to coding joints, and therefore its role 
in V(D)J recombination appears to be restricted to the re- 
pair of chromosomal breaks created by RSS deletion or 
inversion. Furthermore, TdT does not appear to be a uni- 
versal feature of vertebrate V(D)J recombination. TdT ac- 
tivity is not observed in the early V(D)J joints formed in 
mammals or in the joints of immunoglobulin genes of avian 
species (McCormack et al, 1989; Feeney, 1993). Thus, 
TdT is not a required gene for V(D)J recombination and 
appears to participate only in coding joint formation follow- 
ing excision of the transposon-like intervening segment. 
Rearranging lmmunoglobulin and TCR Genes 
Evolved Rapidly During Vertebrate Evolution 
The hypothesis that the V(D)J recombination system was 
introduced by a transposable element fits well with evolu- 
tionary data suggesting that rearranging immunoglobulin 
and TCR genes appeared over a relatively short period 
of vertebrate evolution. To date, no evidence for antigen- 
specific lymphocytes, RAG7IRAG2, or immune receptor 
rearrangement has been obtained in any invertebrate, pro- 
tochordate, or jawless vertebrate (for reviews see Litman 
et al., 1993; Marchalonis and Schluter, 1990a; Cooper et 
al., 1992; Sima and Vetvicka, 1993; Du Pasquier, 1993a). 
In contrast, members of all jawed vertebrate classes, in- 
cluding cartilaginous and bony fish, reptiles, amphibians, 
birds, and mammals have been found to have antigen- 
specific B and T cells (Figure 4). Furthermore, at least 
some members of each of these classes have been shown 
to express heterodimeric antigen receptors in which the 
antigen-binding exon of one chain is created by recombi- 
nation of V, D, and J elements, while the antigen-binding 
exon of the other chain is created by V-J recombination 
(see Figure 1). These six major vertebrate classes appear 
to have shared common ancestors over a relatively brief 
period of time (50-75 million years) following their diver- 
gence from jawless vertebrates. Thus, V(D)J recombina- 
tion, the basic V(D)JNJ structure of the antigen receptor, 
and the separation of the B and T cell lineages most likely 
occurred within this evolutionary time frame. The close 
relationship between the recombination strategies of 
TCR6, TCRG, and IgH chain, all of which use a V-D-J 
recombination strategy, and TCRa, TCRy, and IgL chain, 
all of which share a V-J recombination strategy, suggest 
that immunoglobulin and TCR evolved from asingle heter- 
odimeric receptor. 
The rapid evolution of an antigen-specific immune sys- 
tem could have been facilitated by the fortuitous interrup- 
tion of a cell surface receptor by a transposon. For exam- 
ple, the ancestral V(D)J receptor might have originated 
when a defective copy of a transposon became inserted 
into an exon of an existing homodimeric cell surface recep- 
tor. Germline duplication of this cell surface receptorwould 
result in the ability to form a dimeric receptor from the 
products of two independent genes. Subsequent duplica- 
tion or repeated local insertion of the transposable element 
into one of the two gene copies would then result in a 
receptor in which one chain was interrupted by one copy 
of the transposon (VJ), and the other chain by two copies 
(V[D]J). Excision of these transposable elements would 
subsequently be controlled by the transposase (RAG1 and 
RAG2) derived from the original autonomous transposon, 
which, through independent integration, came under con- 
trol of a lineage-specific enhancer. Such a sequence of 
events could have resulted in the lymphoid-specific as- 
sembly of an ancestral heterodimeric receptor. Current 
evidence suggests that this ancestral receptor duplicated 
and gave rise to B and T cell lineages prior to the evolution- 
ary separation of the major vertebrate classes. Together, 
these data support the so-called Big Bang theory of anti- 
gen-receptor evolution (Marchalonis and Schluter, 199Ob). 
This theory proposes that the generation of antigen- 
specific receptors occurred precipitously in evolution 
around the time of the generation of the first vertebrate. 
The ability to generate antigen specificity within the im- 
mune response has been proposed to be a major factor 
in the rapid evolution and diversity of vertebrate species. 
The Organization of Antigen Receptor Genes 
Continues to Evolve 
Although there is evidence for the basic structure of the 
ancestral heterodimeric receptor within all classes of 
jawed vertebrates, immunoglobulin and TCR gene clus- 
ters have continued to evolve in divergent ways within 
each of these classes of vertebrates (Rast and Litman, 
1994; McCormack et al., 1991; Gobel et al., 1994; Ota 
and Nei, 1994). Within cartilaginous fish, /mmunoglobulin 
clusters appear to be organized into repeating units con- 
taining a single V, two Ds, one J, and a constant region 
(Hinds and Litman, 1986). V(D)J recombination occurs 
within an individual unit resulting in junctional diversity 
but relatively little combinatorial diversity. In amphibians, 
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Figure 4. Schematic Presentation of the Evolu- 
tion of Chordates 
The evolutionary tree is drawn from the data 
presented in Weissman, 1988; Marchalonis 
and Schulter, 1990b; Du Pasquier, 1993b; Lit- 
man et al., 1993; and Bernstein et al., 1994. 
reptiles, and mammals, V, D, and J segments have been 
organized into clusters of related segments, thus maximiz- 
ing the combinatorial diversity that can be created by V(D)J 
joining (Davis and Bjorkman, 1988; Schwager et al., 1991; 
Du Pasquier, 1993a). Avian species have opted to mini- 
mize both combinatorial and junctional diversity in their 
immunoglobulin genes (Reynaud et al., 1987, 1989). In 
chickens, both the IgH and IgL chain locus encode only 
single functional V and J segments. Such an organization 
severely limits the immunoglobulin diversity that can be 
generated by V(D)J recombination. The number of poten- 
tial IgL chains also varies between classes. Mice and hu- 
mans have both K and h L chains, while chickens appear 
to express a single type of L chain. Cartilaginous fish, in 
contrast, have evolved at least three distinct types of L 
chains, two of which are created by recombination be- 
tween V and J elements and one class of which appears 
to be entirely composed of V-J elements already joined 
in the germline (Shamblott and Litman, 1989; Greenberg 
et al., 1993; Hohman et al., 1993). Whether this organiza- 
tion is derived from the ancestral antigen receptor gene 
prior to introduction of V(D)J recombination or reflects am- 
plification of a functional pseudogene cannot be deter- 
mined. 
In addition to immunoglobulin and TCRs, a third class 
of rearranging gene has been identified in shark 
(Greenberg et al., 1995). The germline gene that encodes 
this receptor is composed of V, D, and J elements that 
undergo V(D)J recombination. The protein product of this 
gene appears to be secreted as a homodimer, and there 
is no evidence for a paired L chain. The role of this receptor 
in the immune response of the shark has not yet been 
clearly defined. cDNAs reveal remarkable V region diver- 
sity. Regulatory components of the receptor appear to 
have structural features consistent with both immunoglob- 
ulin and TCR genes, thus raising the intriguing possibility 
that this receptor may be an evolutionary precursor of the 
heterodimeric immunoglobulin and TCR genes. It is aIS0 
possible that this gene represents a third antigen receptor 
that has evolved from the ancestral receptor. If this is the 
case, its lack of a L chain may result from loss of its ability 
to pair with its related L chain during evolution. Evidence 
for such a possibility has recently been obtained in mam- 
mals. It has been found that in camels a high percentage 
of their immunoglobulin circulates as H chain dimers de- 
void of L chains (Hamers-Casterman et al., 1993). There 
is no evidence for a simpler rearrangement scheme or 
the presence of RAG7 or RAG2 in jawless vertebrates, 
chordates, or invertebrates. 
Despite the fact that immunoglobulin and TCR genes 
have continued to evolve, there is evidence in each of the 
major vertebrate classes for the basic V(D)JNJ heterodi- 
merit antigen-specific receptor. Once this antigen recep- 
tor organization evolved, there appears to have been 
strong selective pressure to maintain its basic structure. 
Ancestral Gene: TCR or Immunoglobulin? 
The structural features of V(D)J recombination, along with 
evolutionary evidence for the precipitous appearance of 
immunoglobulin and T cell receptors during vertebrate 
evolution, argues against the hypothesis that antigen- 
specific responses developed gradually over a prolonged 
evolutionary period. As discussed above, current evi- 
dence suggests that both immunoglobulin and TCR 
evolved almost simultaneously from a common ancestor. 
Nevertheless, until recently, the prevailing view within the 
immunology community has been that the primordial anti- 
gen receptor had features most closely associated with 
the TCR, and that the primordial receptor was likely to 
have been involved in selflnonself-recognition. This view 
developed primarily because of the long-held belief that 
antigen-specific receptors must have evolved gradually 
during evolution. The hypothesis that T cells evolved first 
is based on the observation that many invertebrate spe- 
cies are capable of self/nonself-discrimination through the 
use of cell surface receptors and can mediate rejection 
of transplanted tissue in a cell-mediated manner (for re- 
view see Hildemann, 1974). We now recognize that these 
abilities are not necessarily the features of ancestral T 
cells. One of the earliest features of multicellular organ- 
isms is the ability of cells of a single organism to self- 
associate (Gamulin et al., 1994; Matsunaga and Mori, 
1987). However, the primary mechanism underlying this 
ability appears to be the use of adhesion molecules, which 
form homotypic and species-specific heterotypic interac- 
tions. These receptors appear to be present on essentially 
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all the cells of a given organism and appear to be primarily 
involved in maintaining organismal integrity. 
There is evidence for the existence of lymphocytes that 
are involved in self/nonself-discrimination in invertebrates 
and protochordates. For example, the rejection of allo- 
grafts in both echinoderms and urochordates has been 
demonstrated to involve the simultaneous infiltration of 
the graft by phagocytes and lymphoid-like cells (for review 
see Sima and Vetvicka, 1993). Second- and third-set allo- 
grafts appear to undergo accelerated rejection in these 
animals. However, current evidence suggests that the 
lymphoid cells in these species are most like vertebrate 
natural killer (NK) cells. Like NK cells, invertebrate lymph- 
oid cells have the ability to kill both allogeneic and xenoge- 
neic targets. In both invertebrate and vertebrates, this type 
of killing appears to involve lectin-like receptors (Marcha- 
lonis and Schluter, 1990a; Daniels et al., 1994; Bezouska 
et al., 1994; Liebson, 1995). Cells that lack ligands for 
these receptors appear to be killed because the loss of 
inhibitory signal transduction through these self-recog- 
nition receptors results in the activation of a spontaneous 
cytotoxic reaction. In this way, these receptors serve not 
to recognize foreign cells, but to recognize the absence of 
self. This type of protochordate histocompatibility reaction 
has been studied by examining the ability of individual 
tunicates to fuse and form a common circulatory system. 
This fusionlnonfusion reaction appears to be governed by 
a major histocompatibility (MHC)-like gene locus (Scofield 
et al., 1982). In contrast with a TCR-mediated response 
where a single MHC mismatch initiates rejection as a re- 
sult of TCR stimulation, tunicate colonies need to share 
only a single allele at the histocompatibility locus to un- 
dergo fusion. Only those colonies that have no common 
alleles are rejected. This is most consistent with a reaction 
being mediated by an inhibitory receptor, which is acti- 
vated upon engagement of a self-MHC molecule and pre- 
vents the induction of effector function. 
The description of NK-like lymphocytes that have a lec- 
tin-dependent recognition pattern in a variety of inverte- 
brate phyla suggests that the earliest lymphoid-like cells 
are of the NK lineage. That NK cells are the earliest 
lymphoid line to evolve is supported by recent evidence 
suggesting that mammalian B cells, T cells, and NK cells 
share a common progenitor (Georgopoulos et al., 1994; 
Weissman, 1994). Unlike B and T cells, NK cells are not 
dependent on RAG7 or RAG2 for their development. NK 
cells appear to develop normally in animals deficient in 
RAG7 or RAGP. Thus, ancestral lymphocytes with the 
characteristics of NK cells may have evolved considerably 
earlier than lymphocytes that express the rearranging anti- 
gen-specific receptors that characterize B and T cells. 
The separation of immune response into humoral and 
cell-mediated effector functions also appears to have oc- 
curred independently of the evolution of antigen-specific 
receptors. Even in sponges, which are among the most 
primitive multicellular animals, there is evidence that spe- 
cialized cells are involved in cell-mediated and humoral 
immunity. Sponges contain specialized cells, termed ar- 
cheocytes, which have been demonstrated to participate 
in cell-mediated allograft rejection (van de Vyver and Bar- 
bieux, 1983) and spherulous cells, which can initiate a 
humoral-type of defense through the secretion of hemag- 
glutinating lectins (Bretting and Konigsmann, 1979). In 
echinoderms, the axial organ, which is thought to be re- 
lated to the vertebrate spleen, seems to be composed of 
two distinct cell populations (Leclerc et al., 1980), one of 
which produces protein factors that have lytic characteris- 
tics, while the other cell type has NK-like properties. The 
recent cloning of various cell surface and secreted pro- 
teins from invertebrates supports the idea that humoral 
immunity in these organisms can involve proteins structur- 
ally related to immunoglobulins. For example, silk moths 
express a bacterially inducible hemolymph protein, hemo- 
lin, which is a member of the immunoglobulin gene super- 
family (Sun et al., 1990). Hemolin has been shown to be 
one of the first hemolymph components that are induced 
in response to bacteria. Hemolin can specifically recog- 
nize and bind to bacterial cell surfaces, initiating formation 
of a protein complex that in turn is thought to initiate an 
immune response in these species. In this case, hemolin 
is a secreted lectin-like receptor that can specifically bind 
carbohydrate epitopes expressed on the surface of bacte- 
ria but not host cells. Thus, the generation of a secretory 
immune system has not been a unique adaptation of verte- 
brate immunity, but has also taken place within inverte- 
brate species. Selection for both cell-mediated and hu- 
moral immunity has occurred even in the absence of V(D)J 
recombination. 
lmmunoglobulin and TCR gene families appear to exist 
in essentially all modern vertebrates that have been stud- 
ied to date. This lends further support to the hypothesis 
that shortly after the creation of an initial recombining 
receptor heterodimer, this receptor was evolutionarily 
adapted to support or supplant both the humoral and cell- 
mediated immune systems that were already in place in 
primitive vertebrates. These primordial immunoglobulins 
and TCRs rapidly took over a central role in the control 
of the vertebrate immune response. The importance of 
antigen-specific recognition to modern vertebrates is dem- 
onstrated by the numerous diseases identified in mam- 
mals that result from the inability to generate antigen- 
specific lymphocytes. 
Specificity of the Primordial V(D)J Receptor 
Although it is unlikely we will ever be able to determine 
whether the primordial V(D)J receptor was more like a 
TCR or an immunoglobulin, current evidence suggests 
that the primordial antigen receptor was a cell surface 
receptor that played a direct role in lymphocyte activation. 
Similarities in the organization and signaling properties of 
the coassociated proteins in the immunoglobulin and TCR 
complexes suggest that the primordial receptor was also 
a signal-transducing molecule. However, once signal trans- 
duction was initiated, it is unclear whether the subsequent 
role of the primordial receptor was directing cell-mediated 
or humoral responses based on analogies of the functions 
of similar proteins in modern invertebrates. As noted 
above, there is evidence that invertebrates contained spe- 
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cific receptors that can distinguish between xenogeneic 
and allogeneic cells. The receptors that are utilized in this 
process appear to have the properties of lectins. Such 
receptors appear to function as pattern recognition mole- 
cules (Cooper et al., 1992). The use of pattern recognition 
receptors is a simple way in which a limited number of 
receptors can be utilized to distinguish large subsets of 
potentially pathogenic organisms. Pattern recognition re- 
ceptors that can distinguish prokaryote and xenogeneic 
cells from autologous cells have also been recognized in 
modern vertebrates (Liebson, 1995). The initial antigen 
receptor gene could have evolved from a pattern recogni- 
tion receptor that was involved in self/nonself-discrim- 
ination. However, it is also possible that the primordial 
immune system had evolved receptors that can initiate 
immune cell activation in response to the products of dam- 
aged autologous cells. It has been postulated by a number 
of groups that CD5 (Bl) B cells and y6 T cells represent 
the most primordial forms of B and T cells (Herzenberg 
et al., 1992; Havran and Boismenu, 1994). yS T cells have 
been shown to be capable of reacting against self-encoded 
antigens, which are not normally presented by healthy 
cells but rather are produced, presented, or both by host 
cells as a result of cell injury. If these features of the most 
primitive B cells and T cells are shared with the cells that 
expressed the ancestral V(D)J receptor, then the common 
receptor may have been involved in recognizing molecules 
either released or exposed on the cell surface in response 
to cell injury. Such proteins could include heat-shock pro- 
teins or molecules normally expressed only intracellularly, 
such as DNA or RNA. Viewed in this way, the primordial 
immunoglobulin and TCR repertoire did not result in the 
creation of an anticipatory immune repertoire as has pre- 
viously been hypothesized. Instead, the initial V(D)J recep- 
tor(s) may have been selected for specific interactions with 
molecules induced or exposed upon injury of the host or- 
ganism. The presence of this type of selection mechanism 
might explain why recombining Band Tcell receptors have 
been retained in all jawed vertebratesdespite the evidence 
for the ongoing evolution and extensive modification of 
these receptors within individual vertebrate classes. In the 
absence of some form of selective pressure to retain a 
primordial receptor with limited diversity, it is difficult to 
understand why retention of the V(D)J recombination sys- 
tem has been selected for since the earliest stages of its 
evolution. 
Do Other Genes Undergo Site-Specific 
Recombination in Vertebrates? 
A recurring question is why additional examples of site- 
specific recombination have not been identified so far in 
vertebrates. Numerous other examples of recombination 
events have been identified in prokaryotic organisms, sin- 
gle cell eukaryotes, invertebrates, and plants. One place 
in which investigators have looked for evidence of site- 
specific recombination is in the brain (Schatz and Chun, 
1992). However, there is to date no clear evidence for 
site-specific recombination within the brain, either related 
or unrelated to the process of V(D)J rearrangement. As 
outlined above, the development of site-specific recombi- 
nation in the immunoglobulin and TCR genes may have 
been a fortuitous accident in which a transposable element 
interrupted a cell surface receptor and was advanta- 
geously adapted by the immune system because of its 
ability to allow creation of receptors with diverse specific- 
ities. This has a number of advantages for the immune 
system, culminating in the development of the anticipatory 
immune system observed in modern vertebrates. It is not 
easily identifiable how such a system would be of advan- 
tage to other developmental systems. One argument has 
been that such a system might have advantages in regulat- 
ing lineage-specific gene expression or cellular differentia- 
tion. However, V(D)J rearrangement does not appear to 
play a central role in restricting immunoglobulin and TCR 
expression in lymphocytes. As noted above, both immu- 
noglobulin and TCRs use an identical recombinase to 
mediate the recombination of these gene elements. Nev- 
ertheless, complete immunoglobulin recombination is re- 
stricted to the B lymphoid lineage, while TCR rearrange- 
ment is limited to T lymphocytes. This suggests that there 
are mechanisms in place to target the recombinase to 
immunoglobulin loci in B cells and to TCR loci in T cells. 
Therefore, the recombination of immunoglobulin/TCR 
does not play a role in the initial stages of lymphoid devel- 
opment or the differentiation of such cells into B or T cells. 
Precursor Tcells in most vertebrates migrate to the thymus 
prior to initiating TCR rearrangement. Thus, vertebrates 
have developed and rely on other mechanisms of cell lin- 
eage-specific gene regulation without any requirement 
for a process such as V(D)J recombination. 
The Relationship of V(D)J Recombination to 
Subsequent Diversification of 
lmmunoglobulin Genes 
One striking feature of immunoglobulin diversification is 
that several additional mechanisms for further genetic 
modification of rearranged immunoglobulin genes have 
been identified. These include somatic mutations in the 
maturation of immunoglobulin immune responses(French 
et al., 1989) immunoglobulin class switching that results 
in the alteration of effector function of antigen-specific im- 
munoglobulin genes (Coffman et al., 1993), and gene con- 
version that generates a primary immunoglobulin reper- 
toire subsequent to initial V(D)J recombination in chickens 
and rabbits (Weill and Reynaud, 1992). Recently, somatic 
hypermutation has also been suggested to occur in the 
TCR (Zheng et al., 1994). Again, no other genes have 
been identified that undergo an equivalent form of somatic 
modification in vertebrate species. Despite the restriction 
of these DNA modification events to receptors that have 
undergone V(D)J recombination, to date there is no evi- 
dence for a mechanistic link between V(D)J recombination 
and these three subsequent processes that modify the 
immunoglobulin loci. Several laboratories have attempted 
to look for involvement of either RAG7 or RAG2 in the 
subsequent generation of diversity by somatic mutation, 
class switching, or gene conversion, and no evidence to 
document the participation of either of these gene prod- 
ucts in the subsequent modification of rearranged immu- 
noglobulin genes has been obtained. However, to date 
these experiments have been hampered because the sub- 
strates for these modification events are recombined im- 
munoglobulin genes, and deletion of either RAG7 or RAG2 
from the genome eliminates V(D)J recombination. 
One difference between V(D)J recombination and sub- 
sequent modifications of rearranged immunoglobulin 
genes seems to be the dependence of subsequent mod- 
ification mechanisms on the transcriptional activity of 
the rearranged gene segment. Somatic mutation, class 
switching, and geneconversion requiretranscription of the 
target sequence (French et al., 1989; Leung and Maizels, 
1992; Lorenz et al., 1995; Thompson and Neiman, 1987). 
In contrast, V(D)J recombination has been suggested to 
occur in substrates in the absence of observable transcrip- 
tion (Hsieh et al., 1992; Gangloff et al., 1994). This sug- 
gests there are likely to be fundamental differences be- 
tween V(D)J recombination and somatic mutation, class 
switching, and gene conversion. Studies of transgenic ani- 
mals will undoubtedly help to resolve these issues over 
the next several years. 
Conclusion 
Recent advances in our understanding of V(D)J recombi- 
nation and the distribution of immunoglobulin and TCR 
genes in vertebrate evolution give support to the 
hypothesis that the V(D)J recombination arose abruptly 
during early vertebrate evolution. Current evidence sug- 
gests that V(D)J recombination is directed by elements 
that could have been derived from a transposon. If so, this 
transposable element has been adapted by separating the 
enzymes required for recombination from the signal se- 
quences these enzymes recognize. In addition, the trans- 
posase function of this putative transposon is defective 
compared with existing intact transposons, as RAG71 
RAG2 appear incapable of mediating reinsertion of signal 
ends into the host genome. Furthermore, transposase ac- 
tivity now appears to be expressed under the control of 
tissue-specific host factors, which restricts the expression 
of RAG7 and RAG2 to developing lymphocytes. Coloniza- 
tion of the genome of an ancestral vertebrate by a transpo- 
son represents a fundamental failure of the defense sys- 
tems of the organism. It is ironic that the participation of 
such an element in the evolution of antigen-specific immu- 
nity may have played an important role in the evolutionary 
success of vertebrates. 
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